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31 Mar 91. The work has been strongly focused on the development
of high-efficiency surface-normal Fabry-Perot cavity modulators,
in particular the asymmetric Fabry-Perot modulator (AFPM). 1In
contrast to the hihg-finesse, refractive index-tuned, symmetric
cavity type of modulator (SFPM), on which we first reported under
contract #85-0323, the AFPM utilizes the electroabsorptive
properties of the intra-cavity medium - normally a GaAs-AlGaAs
multiple quantum well structure - to balance the initially
unbalanced (asymmetric) mirrors of a low-finessee cavity, thus
making it possible to achieve high contrast ratio, very efficient
transfer function with low operating voltage, low insertion loss
and, importantly, significantly wider optical bandwidth for the
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I. INTRODUCTION
I.1 Summary of Work

This report describes our work for the period 1 May 1989 to 31 March 1991. The work has
been strongly focused on the deveicpment of high-efficiency surface-normal Fabry-Perot
cavity modulators, in particular the asymmetric Fabry-Perot modulator (AFPM). In contrast
to the high-finesse, refractive index-tuned, symmetric cavity type of modulator (SFPM), on
which we first reported under contract #85-0323, the AFPM utilizes the electroabsorptive
properties of the intra-cavity medium - normally a GaAs-AlGaAs multiple quantum well
structure - to balance the initially unbalanced (asymmetric) mirrors of a low-finesse cavity, thus
making it possible to achieve high-contrast ratio, very efficient transfer function with low
operating voltage, low insertion loss and, importantly, significantly wider optical bandwidth
than for the SFPM. During this period we made one of the initial demonstrations of the
AFPM, where we achieved a contrast ratio of 22:1 in reflection, at a d.c. operating vo. age of
11V, and with only 3.7dB insertion loss.

After these encouraging results our efforts were directed towards optimizing the AFPM
performance, particularly reduction of the operating voltage, whilst maintaining high optical
efficiency. By reducing the thickness of the device active region, and increasing the finesse of
the cavity to compensate, we were able to demonstrate a record reflection transfer function of
more than 20% per volt, i.e. 47% AR for only 2V bias swing, and a peak contrast ratio of
=70:1 with 3V swing. Together with the experimental work, we have simultaneously carried
out a theoretical optimization of the AFPM and an analysis of its tolerance to variations in such
parameters as operating wavelength, voltage swing, cavity thickness and operating
temperature.

Using the blue shift of the absorption edge in a superlattice (SL) structure (Field-Induced Stark
Localization), which we made the first observation of under contract #85-0323, we have also
demonstrated the first normally-off AFPM, i.e. where the device reflectivity is increased from a
low value (off state) as increasing reverse bias is applied. With this characteristic the device is
capable of operating as a SEED (self electro-optic effect device - a type of optoelectronic
switch), and we have duly demonstrated an SL-AFPM-based SEED, with the highest on:off
ratio ever reported (> 100:1).




Whilst shifting emphasis toward the AFPM during this period, the SFPM has still been under
investigation. We have succeeded in reducing the operating voltage and improving the contrast
whilst assessing the limits on efficient modulation. SFPM devices suitable for high frequency
measurements have been fabricated and shown to have up to =~ 6 GHz bandwidth - an RC
limitation determined by the device size. In the near future we expect to have an improved

fabrication process, allowing reduced device dimensions and bandwidths in the 10s of GHz
range.

Current work is still aimed at device efficiency optimization. There is some desire to see a
voltage swing compatible with ECL for high-speed optical interconnects. We have begun to
investigate wider quantum well widths (with greater field sensitivity of QCSE, and less
sensitivity to well width fluctuations) for the device active region, and the reduction of barrier
width, in order to maximize the absorption change for a given applied voltage.
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I.2 Experimental Work on Tranverse Electro-Optic Modulators

Highly efficient electro-absorption and electro-refraction effects in semiconductor multiple
quantum wells and superlattices, along with increased system demands have advanced high-
performance optical modulators which can be used in various applications: as an intra-laser-
cavity controlling device, transmitter of telecommunications including interconnections for
integrated circuits, and optical information processing. Among various design issues for
practical applications, one of the important considerations is low drive power, e.g. low
operating voltage swing in electro-optic modulators. Waveguide (in-plane) devices tend to
provide low drive voltages (=1 volt) because the field is applied perpendicular to the light
propagation directicn [1]; Lowever, the coupling of the light into the waveguide adds
complexity to practical implementations. On the other hand, although coupling is relatively
easy, surface-normal (transverse) devices tend to require high drive voltages (>10 volts) due to
short interaction lengths [1].

Another important device parameter is the amount of electrical input power that is modulated
onto the optical output power. Using as a figure-of-merit the normalized electro-optic transfer
function (M,) (2], defined as the percentage modulation of the input light per unit driving
voltage, to relate the transfer function of electro-optic modulators between the electrical and
optical signals, it can be seen that previous transverse modulators have M,'s of < 8 %/V, and
efficient waveguide modulators have a representative value of < 15 %/V [1].

Figure 1.1 briefly summarizes the performances of various transverse modulators in terms of
required voltage swing, reflectivity (or transmission) change, and contrast ratio between on and
off states. Basic structures of the listed devices are also shown in the inset, although details
can be found in the cited references. Dashed lines represent various normalized transfer
functions. Due to the large excitonic absorption strength of the quantum confined Stark effect
(QCSE), all devices except one use multiple quantum wells (MQWs) as the electro-optic
medium. As indicated, one of the closed-square points (w) represents an asymmetric Fabry-
Perot (AFP) modulator using the Wannier-Stark localization effect of superlattices [3].

The first demonstration of transverse modulators by Wood et al. [1] in 1985 employed a simple
PIN-MQW transmission configuraton with the QCSE. Although more than 30% transmission
has been obtained with only 8 voits, the contrast ratios are quite limited ( £ 3 dB).




|

60

1 1
® A | A
ASFP waveguide ASFP SFPAn

o m——

Il

L
>
>

I 1

o)
Single
Reflecto

— AR

Ao

Aa

A
—— .
mirror

Y

rTransmission

|
I S/
17 4B [13] A [1]

/ 26 dB [1

2
/ & l]13dB [10] 14 dB [6]
I / 7 .

P o
/ / /s A15dB [9] _

I) —
10 P -~ -

/ DO<2dB[1] ’
5%V 7 -7

H
o
T

Ve
Iy wm8dB[3L ~ 9dB[S]
/ -

REFLECTIVITY (%)
N
o

(]
7 dB [4]

| 1
0 5 10 15 20 25
VOLTAGE SWING (volts)

Figure I.1

A performance comparison of various transverse modulators. The schematic structures of the devices are shown
in the inset on the top. The dashed line represents different normalized transfer function from 1 to 20 %/V. The
numbers are the contrast ratios (references]. The average waveguide performance is also included for reference.
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Using the simple transmission configuration, the contrast ratio has been improved to =7 dB [4]
by using a much thicker active region, but the required voltage increases and therefore M,,
decreases. By incorporating a single reflector (monolithically grown quarter-wavelength stack,
or deposited-metal) on one side of the active region and an anti-reflection layer on the other
side, the effective interaction length is doubled from the simple transmission configuration
[5,6]. Both the contrast and the transfer function are doubled for the same voltage swing.

As seen from Figure I.1, M,, increases from 0.8 to 1.5 %/V due to the addition of the reflector.
Such an advance has very important implications. With our in-house MBE growth facility,
layers of thickness on the order of a quarter-wavelength can be deposited with great accuracy.
Therefore, in addition to quantum-confined structures for elecirons, we are also able to grow
multi-layer quarter-wave stack mirrors with which to confine the optical energy. This enhances
the interaction between the electronic and the opiical waves without increasing the physical
length of the device.

Using two reflectors to form a Fabry-Perot (FP) cavity [7,8], the interaction length can be
increased even more, and the amount of enhancement depends on the finesse given by the
mirror refleciivities [9]. Although the introduction of FP structures places a limit on the optical
bandwidth, BW, (see Fig. II1.11), over which the device can be operated, the required voltage
swing is greatly reduced. Therefore, as long as BW,, remains large encugh, e.g., no less than
the room temperature linewidth of quantum well heavy hole exciton absorption peak, the use of
EP structwies to improve the performance is justified.

Both electro-refraction [7,8] and electro-absorption [10] effects can be used with FP structures.
To use the electro-refraction effect, the mirror reflectivities on both sides of the kP cavity are
designed to be the same (index-tuned symmetric FP or SFP4n), and the index change is used
to tune the FP mode to achieve the modulation. Dependinyg on the onerating wavelength, the
device can be normally-on (reflecting with no bias) or normally-off (reflecting with bias). As
much as 4 %/V has been achieved with contrast ratios more than 15 dB [9]. However, due to
relatively large finesse, BW, is quite limited (= 5A).

Although both electro-absorption and electro-refraction effects can be used with multiple
quantum wells (MQWs), the electro-refraction effect should be used at a wavelength that is
away from the sharp excitonic absorption edge, in c-der to avoid any induced absorption
change and to lose the advantages of sharp excitonic features [11]. Since both effects are




reduced with separation from the excitcn, it is generally true that MQWs work more efficiently
in the electro-absorption mode than in the electro-refraction mode; that is, FPs with an
absorption change (Aa) tend to operate with lower voltages than the SFPAn, or for the same
voltage, they have wider BW . However, SFPAn devices switch the light instead of absorbing
it, and such an operating mode can be quite useful for photonic switching and communication
applications in which one wishes to preserve the optical energy. We report some of our more
recent results for SFPAn modulators in Sections I1 & IV,

Unequal mirrors are used with electro-absorption effects to implement asymmetric Fabry-Perot
(AFP) modulators (11,12]. The modulation mechanism is as follows. Without cavity loss, the
overall reflectivity is quite high if the bottom mirror reflectivity is made close to unity and the
top mirror reflectivity is significantly less. With applied fields, the increased cavity loss
reduces the effective reflectivity from the bottom mirror at the top surface, and the overall
reflectivity can be made zero when the effective reflectivity from the bottom has an equal
magnitude to the top mirror reflectivity, yielding the off state. The first experiments with AFPs
simply used the semiconductor-air interface as the top mirror {10,12], and comparable M,;'s are

obtained with significantly wider BW,'s (23 nm) than for SFPAn's.

More importantly, when a = 75% reflectivity top mirror is used, a voltage swing as low as 2
volts is enough to change the device reflectivity by more than 40 %, i.e. > 20 %/V [13]. Such
an M, represents the-state-of-the-art in transverse modulator performance, and we will discuss

such a device family using asymmetric Fabry-Perot structures in more detail in this report.




II. Symmetric (Electrorefractive) Fabry-Perot Modulators (SFPMs)

II.1. Review of Operating Principles

As we explained in our last report, the intent behind incorporating a Fabry-Perot ¢talon into a
MQW electrooptic modulator is to increase the interaction length between the active material
and the light beam, as compared to simple transmission or double-pass reflection designs
[4-6). Modulation is achieved by modifying the shape of a Fabry-Perot cavity resonance with
an electric field. We began our work on Fabry-Perot modulators by concentrating on
modulation of the refractive index in high-finesse structures, which phase shifts the cavity
resonance. This is shown below schematically in Fig. II.1. Since then our attention has
shifted to low-finesse asymmetric FPMs, which offer the advantage of increased oprical
bandwidth (see Section III). For some applications, however, such as a four-port optical

switch, which requires the modulator to operate simultaneously in transmission and reflection,
the symmetric version retains its appeal.

L4 SFPM
Symmetric Fabry-Perot Modulator (SFPM)

8 Re R,
< With bias — Rr = Rs (both higl
@ ~atifmem—— MQW
= ‘ Use
C?a electro-refraction

i to phase-s'uit

“ : rescnance

Wavelength

Figure II-1.

Efficient modulation in a high-tineswe FP cavity is effected by shifting the cavity resonance through
clectrerefraction.




I1.2. Performance of SFPMs

In our last report we presentzd measurements of a symmetric MQW FP modulator with a
contrast ratio of =10:1 for drive voltages as low as 7 V. Since then, we have grown and
character'zed similar modulators with contiast ratios as high as 30:1 with an 8 V bias.[9] The
device performance (contrast ratio, insertion loss, drive voltage) depends largely on the
placement of the FP resonance, which is determined by the exact cavity length. To illustrate
the effect of resonance placement relative to the exciton wavelength, we present here
measurements of two SFPMs fabricated from the same MBE-grown wafer. The device
structure consists of a 9-period front mirror and a 12.5-period back mirror, with a nominally
0.75 pm layer of MQW material (100A GaAs/100A Aly;GaggAs). We intentionally refrained
from rotating the wafer during growth of the active region in order to produce devices with a
range of operating wavelengths. The structure is shown schematically below.

9 period mirror - p- NAs/AIGaAs (x=0.2)

MQW active region (undoped|
37 periods of 100.Aana'w1(t)ok NGA)M x=0
(3vn thick)

12.5 period mirror
! nid

Semi-insulating
GaAs Substrate

Figure IIL.2

A schematic of the reduced voltage/improved contrast SFPM structure for which data are presented on the
following pages.

The effect of operating with the FP resonance at two different wavelengths relative to the MQW
absorption edge is illustrated in Iigures I1.3-11.6. Device "FP8D9", for example, has the
operating wavelength at = 857nm and 7.8 nm separation between the FP resonance and the
heavy hole exciton, while device "FP8E1" has its FP resonance at = 878nm and a Agp/e i1on ©f
25nm.
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Measured reflection spectra, obtained using microscope-based system, for a FP structure with 9-period top
mirror, 12.5-period bottom mirror and 3A/n-thick MQW active medium. The wavelength separation between the
FP resonance and the excitonic heavy-hole absorption, App/exc., is 7.8nm in this case.
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Measured reflection spectra, obtained using microscope-based system, for a FP structure with 9-period top
mirror, 12.5-period bottomr mirror and 3A/n-thick MQW active medium. The wavelength separation between the
FP resonance and the excitonic heavy-hole absorption, App/exc, i$ 25nm in this case.
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Contrast ratio and AR vs V for MQW-based active structure used for data of Fig. [1.3. The bias is changed from
0V w5 V. The FP mode is quite close to the exciton absorption edge (App/exc = 9.9 nm), and there is some

absorption at zero field, causing the reflection at the FP resonance to be non-zero; the contrast ratio is thus
reduced. The FP mode shift at lower fields is accentuated and the voltage required to for a high AR is reduced.

The data in Fig. I.5 show that a device such as "FP8D9" which operates relatively close to the
absorption edge requires less bias to shift the FP resonance, and has lower insertion loss, but
also has limited contrast because of its higher zero-field absorption. Operating relatively far
away from the absorption edge (device "FP8E1", Fig. I1.6) increases the potential contrast but
also increases the drive voltage and insertion loss.
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Figure IL6

Contrast ratio and AR vs V for MQW-based active structure used for data of Fig. II.4. The bias is changed from
OVio 10 V. Applexc is higher for this sample; thus it takes more voltage to shift the resonance. The FP mode

dips quite sharply to zero, making the contrast ratio high.
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II1. Asymmetric (Electroabsorptive) Fabry-Perot Modulators
(AFPMs)

III.1 AFPM Operating Principles

A Fabry-Perot structure with MQW as the active material can either operate with electro-
absorption or electro-refraction effects by designing the Fabry-Perot mode to locate closer to or
further away from the excitons. The latter mode of operation has been described in detail in
Ref. [9] where the mirrors on both sides of the cavity are made symmetric, i.e. equally
reflective. To make use of the electro-absorption effect, the Fabry-Perot cavity can be
symmetric or asymmetric. As will be discussed later in Section IIL.S, the asymmetric FP
(AFP) structure [10,12] is found to be the more efficient structure for low voltage operation.

The top (bottom) mirror of an AFP structure has an amplitude reflection coefficient of r,y, and
power reflectivity of Ryg)=ir,y,2, viewed from the cavity. And Rg>Rr is used in the design.
The transmission coefficient of the top mirror is t,. As the input light with an electric field
amplitude of a; is incident upon the top surface, the top mirror reflects a portion the input field
of an amplitude

A =-T g (1)

where the reflection from the top mirror viewed from the surface, -r, is in the opposite phase of
the reflection viewed from the cavity, r, We choose a reference plane so that r>0. With this
choice of reference plane, the transmission coefficient t, is a real number [14]. The total
reflection in amplitude from the bottom mirror is the sum of all possible multiple reflections:

30b =2, 2obm = (tf [(roexp(-a)) + - - -+ (roexp(-al)Yrruexp(-al)f™ ! +.. ] a;
m=1

_ (wmexpCal) 2

1 - rrpexp(-al)

where a is the absorption coefficient in the cavity. We show various reflected components
schematically in Figure III.1 (a) and (b) for the case of a=0 and a=In(ry/r), respectively.
Adding (1) and (2), we obtain the total amplitude reflection r,,, as:

-13-
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Figure IIL1

Schematic drawing of the operating principle for asymmetric Fabry-Perot absorption modulator: (a) low loss,
and (b) high loss.

_ - It + rpexp(-al)
1 - rrpexp(-al)

(3)

where we have assumed the top mirror is lossless, i.e. Ir,/2+t,|2=1. Very importantly, we have
oai=0 when the condition of Figure IIL.1(b) (i.e., a=In(ry/r,)) is satisfied. Note that in this
case, a,,/3; = - a/a;. On the other hand, r,,,, remains quite large when a=0 as in Figure
II1.1(a), where a,/a; > - a/a;.

Written in terms of the power reflectivity, Rpp=ir,? is given as

e _| YRt - YRp exp(-al)!
I1-YR1Rg exp(-al):

- )

-14-




o
o

o
o

REFLECTIVITY
o
E <N

o
(M)

0 0.2 0.4 0.6 0.8 1
ABSORPTION « THICKNESS (al)

Figure IIL.2

Reflectivity of the AFP as a function of the cavity loss and cavity length product for top mirror reflectivity of
0.32 and 0.78.

Assuming Rp=0.97, Figure II1.2 plots Rgp as a function of ael for two different Ry's. In the
experiments described in the next section, we use a quarter wavelength stack of Al ,GaygAs
and AlAs as the top mirror, and the available mirror reflectivities are discrete from 0.32 to 0.78
as the number of period increases from 0 to 5. As the loss in the cavity changes, the overall
reflectivity of the Fabry-Perot structure is modulated. For example, when ol changes from
0.02 to 0.11, the reflectivity changes from 50 % (on) to 0 % (off) with R1=0.78. This is the
basic operating principle of AFP modulators. Depending on whether the absorption increases
(e.g. QCSE) or decreases (Wannicr-Stark localization) as the field increases, the device at zero
bias can be either on (normally-on) or off (normally-off) [15]. The fact that

Rg exp(-2al) = Ry (5)

makes Rpp zero is the most interesting property of the AFP modulators. Conventional

-15-
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absorption modulators can make the device reflectivity arbitrarily small but not absolutely zero
[1]. By designing Ry smaller than Rp, the (field-induced) absorption makes the effective
reflectivity from the bottom mirror through the cavity loss equal to Rt but opposite in phase so
that the net reflectivity equal zero. Since the bandwidth is determined by the resonance width at
the off-level, the bandwidth of the AFP is generally wider than high-finesse Fabry-Perots that
use index modulation, due to its less reflective mirrors at resonance.

In following sections, we show two interesting examples of AFP modulators. The first one
uses an air-semiconductor interface as the top mirror. The second one uses a more optimized
structure to achieve an extremely low drive voltage.

II1.2. Initial Demonstration of AFPM with High Contrast

The AFP is composed of a pair of asymmetric mirrors separated by an active spacer layer. The
front end is made less reflective than the bottom grating. In the orignal demonstration, the top
mirror was simply an air-semiconductor interface [12]. The advantage of no grating mirror on
top is to avoid the extra resistivity due to multiple heterojunctions, although graded junctions
can reduce the resistivity [16].

The structure shown in Figure IT1.3(a) is grown by molecular beam epitaxy. The bottom
mirror, with a theoretical reflectivity of Rg=97 %, was made of 15!/, periods of alternating
725 A AlAs and 625 A Al ,Gag gAs layers doped with Si to =108 cm™3 grown on an n*-
GaAs substrate. The active region has 701/, periods of undoped 100 A GaAs/100 A
Alj,Gag gAs multiple quantum wells (MQW). The top layer is a Be-doped =i0'8 cm-3
Aly 1Gag gAs layer, = 0.55 pum thick. Further details are can be found in Ref. [10].

Figure II1.3(b) shows a broad-band spectrum of the AFP epitaxial structure without bias. The
apparent stop band width is narrower than that of the grating mirror, due to the absorption of
the active region for wavelengths shorter than ~860 nm. The exciton position is also marked
(determined from the narrow band spectrum, discussed below). We did not rotate the wafer
during the growth of the active region and the top layer to provide a slight taper in thickness
over the wafer. In this particular sample, the center resonant mode is around 863 nm, which is
the design value with the refractive index taken from Ref. [17]. We have modeled the
refractive index of the MQW region as given by that of AlGaAs with the Al composition taken

-16-




as the averaged value of the MQW, 0.1. The mode position in monolithically-grown Fabry-
Perot structures depends on the cavity length as well as the refractive index. Therefore, the
control of thickness and composition, and a knowledge of refractive indices are important for
such structures.
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Figure IIL3

(a) Layer structure used in our initial demonstration of the AFPM. See text for doping details.
(b) Broad-band spectrum without bias for the structure shown in (a). The reflectivity is relative to that of a gold
mirror (Rpyax =~ 98%). The heavy hole exciton position as well as the Fabry-Perot modes are indicated.

Shown in Figure II1.4(a) are the narrow band spectra for reverse bias voltages of 0, 4, 8, and
11 volts for the same device as in Figure II1.3. The shift of the exciton with electric field is
clearly observed. The positions of the excitons and the Fabry-Perot modes are indicated by the
voltage labels and the dotted curve, respectively. The exciton moves from 850 to 853, 857 and
860 nm, as the field increases from 10 (built-in field) to 40, 70 and 90 kV/cm, respectively.
The result of the exciton shift is an increase of absorption at the resonant wavelength from
= 600 cm-! to = 4000 cm-!. The amount of absorption can be roughly estimated from the
calculated reflectivity at resonance, as shown in Figure II1.2 with R1=0.32. Small shifis of the
FP mode are also observable. In this sample the exciton coincides with the FP mode at the
desired loss of ~4000 cm-! where the reflectivity becomes very low (S 2 %). This results in a
fairly wide bandwidth. The on/off ratio between 0 and 11 volts is shown in Figure IT1.4(b) as

a function of wavelength. By defining the bandwidth as the range over which the contrast ratio
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is greater than 10, we have obtained a bandwidth of 3.4 nm. The same bandwidth will be
obtained if the bandwidth is defined in terms of the reflectivity in the off-state being smaller
than 5%, because the insertion loss is about 3-4 dB. In the center of the bandwidth, the peak
contrast ratio is 22 with an insertion loss of 3.7 dB. At the edge of this range where the
contrast is 10 the insertion loss is as low as 2.8 dB.

Figure IIL4

(a) Narrow band spectra for reverse bias voltages of 0, 4, 8, and 11 volts for the same device structure as in
Figure I11.3. The positions of the excitons and the Fabry-Perot modes are indicated by the voltage labels and the
dotted line, respectively.

(b) The on/off ratio between 0 and 11 volts as a function of wavelength. By defining the bandwidth as the range
over which the contrast ratio is greater than 10, we have obtained a bandwidth of 3.4 nm.
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When the exciton coincides with the FP mode, the resonance shape (reflectivity spectrum) is
far from Lorentzian but more like rectangular. This is due to the refractive index shift
associated with the exciton. Large positive (negative) index changes (= 1%) are expected to
appear on the longer (shorter) wavelength side of the exciton (now also FP mode), and these
index changes widen the FP mode. This "mode pushing" effect effectively increases the
optical bandwidth, as indicated later in Fig. III.11

II1.3 Low-Voltage Design with Record Modulation Transfer Function

Normally-on operation in the AFP modulator is achieved by using a pair of asymmetric mirrors
separated by a low loss active spacer layer to make the net reflectivity at the resonant
wavelength high at zero bias. The off-level is provided by increasing the loss (e.g., electro-
absorption effect) in the cavity so that the effective reflection from the bottom grating viewed
through the lossy cavity cancels the reflection from the front end, as discussed above.
Increasing the front reflection could decrease the required amount of absorption and active layer
thickness product. We have increased the front reflectivity from 0.32 as described in the
previous section, to (.78, so that the number of quantum wells required in the active region
could be reduced by a factor of = 3 (from 70 to 24). It should be noted that although the
optical bandwidth in terms of contrast ratio decreases in the present devices compared to the
previous AFPs, at = 2 nm it still remains about half that of the room temperature exciton
linewidth (= 3.5 nm).

The structure shown in Figure III.5 was grown using molecular beam epitaxy. The bottom
mirror was made of 201/, periods of alternating 725 A AlAs and 625 A Al,,Gag gAs layers
doped with Si to = 10!8 cm-3 grown on an n*-GaAs substrate. The active region has 24 pairs
of undoped 100 A GaAs/100 A Al ,GaggAs MQW.

Figure II1.6 shows a broad band spectrum of such a structare without bias. The reflectivity is
relative to that of a gold mirror (R,,,, = 98%). Measured FP mode positions agree quite well
with a calculation in which the refractive index was taken from Ref. [17] and the MQW was
modeled as Al ;GaggAs, as discussed above. The modulation is applied to the center FP
mode. The extra valleys in the spectrum are due to heavy hole and light hole excitons, as

marked in Figure IIL.7.
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Figure IILS
Schematic of the epitaxial structure of the low-voltage AFPM with a = 78 % top mirror reflectivity.
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Figure IIL6

Broad-band spectrum without bias for the structure shown in Figure IIL.5. The heavy hole (hh) and light hole
(1h) exciton position as well as the Fabry-Perot mode (FP) are indicated.
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Shown in Figure I11.7 are the narrow band spectra for reverse bias voltages between 0 and -2.5
volts for the same device as in Figure III.6. The positions of excitons and Fabry-Perot modes
are indicated. The exciton moves from 854 to 861 and 865 nm, as the field increases from 30

(built-in field) to 70 and 90 kV/cm, respectively. Small shifts of the FP mode are also
observable.
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Figure IIL7

Narrow band spectra for reverse bias voltages of 0, -1.4, -2.0 and -2.5 volts for the AFPM structure in Figure
ITLS.

Figure IT1.8 shows the reflectivity as a function of voltage signal at the wavelength of 8§64.3
nm for another device on the same wafer. A highly non-linear reflection response as a function
of applied voltage is observed, as is typically found in FP-type modulators. The contrast ratio
in this case is more than 50 and the reflectivity changes more than 40 % when the voltage
varies from -1 to -3 volts. Varying the operating wavelength, we have observed essentially the
same amount of reflectivity modulation, but the contrast ratio degrades to be below 10 dB as
the wavelength moves (more than = 1 nm) away from 864.3 nm. Therefore, the AFPM is
suitable for high-contrast mode of operation if the light source wavelength can be well
controlled. On the other hand, high M, tends not to be so sensitive to the wavelength
variations,
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Reflectivity versus applied voltage at 864 nm for the device shown in Figure III.7. The inset is the
photocurrent trace.

By defining a modulation transfer function (M,) as the percentage reflection change per unit
operating voltage swing, more than 20 %/V is achieved in our structures. That is, one needs to
apply only 1 volt to change the optical power by a quarter. Or, for sinusoidal modulation in a
50 Q drive system, full modulation depth requires only 10 mW of drive power. Such a device

is very suitable to be driven by modem high speed transistors which are usually operate with
voltages of = 1-2 volts.

Since the AFP is operated with the electro-absorption effect of MQW's, a strong photocurrent
signal is detected for all bias conditions. Note that the built-in voltage of =1.5 volts gives a
field of = 30 kV/cm which is sufficient to provide the bias for detection. Shown in the inset of
Figure II1.8 is a photocurrent measurement as a function of bias voltage .lso at 864.3 nm. The
detector response is voltage-dependent, as expected. Since the transmission through the AFP
is quite small (< 3 %), the fraction of the light that 1s ubsorbed in the active region (A) is
approximately equal to one minu- the reflected power relative to the input power (R), i.e. A =
1-R. Soif the input optical signal carries a bit stream, the modulator can be used as a detector.
Such a function has recently been demonstrated [1], and the results would be improved further
with the low-voltage AFP miodulators.
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I11.4. Optimization of the AFPM

As far as device design is concerned, Ry is one of the most important parameters to vary for a
given material with known electro-absorption characteristics. As Ry increases, the ol product
required to change from on to off or vice versa is decreased. For a given absorption change,
the required cavity length, 1, decreases, and the applied voltage V decreases since V = Fel.
However, the maximum reflection decreases and the range of ael for which gives very low
reflectivity also decreases. The former effect indicates an increased insertion loss and the latter
effect means the device performance is more sensitive to design and fabrication errors.

Another factor responsible for the insertion loss is the amount of "residual” absorption when

the material is at minimum loss. With the QCSE, by choosing the FP mode wavelength, Agp

closer to zero-field exciton wavelength, Ay (), smaller fields are required to shift the exciton to

the FP mode and also larger absorption can be obtained. From Eq.(5) we know that the

absorber thickness, 1, can be made small. However, due to the finite linewidth of the exciton,

the residual loss would be quite high, and therefore also the insertion loss. Furthermore, the
sensitivity increases as the top mirror reflectivity increases. Conversely, by choosing Agp

away from A, q), lower residual loss can be obtained to decrea.e the insertion loss. However,

the required field and absorber thickness increase, so the required voltage increases.

Using the excitonic electro-absorption model of Ref. [18], we have simulated the required
voltage to achieve < 3dB insertion loss, as a function of Ry, for AFP modulators. This is
given by the solid line of Figure I11.9. Note that the voltage here is defined as the product of
the field and the required cavity length, Fel. In PIN diodes, built-in voltages on the order of
1.5 volts are present, and can serve as a bias. As Ry increases, V decreases initially due to the
decreases of required cavity length. But when Ry becomes too large, the insertion loss
becomes very sensitive to residual loss, and one needs to locate Arp further away from the
zero-field exciton absorption edge to decrease the residual loss. As a result, larger fields, as
shown by the dashed line of Figure II1.9, as well as longer cavity length need to be used, and
the required voltage swing increases again until the insertion can no longer be limited to 3 dB.
The minimum voltage happens near Ry = 0.76 which is the design used in Section IIL3.
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Figure IIL.9

The required voltage swing for the AFPM as a function of top mirror reflectivity (solid line). The required field
is also shown in dashed line.

III.5 Comparison of Various Fabry-Perot Modulators

In asymmetric Fabry-Perot structures, Ry is made smaller than Rg. One could also design a
structure with Rt = R, and use the the loss induced in the cavity to effectively decouple the
bottom mirror reflectivity. In the limit as the induced loss increased, the net cavity reflectivity
would tend towards Ry. The design of the mirrors would be similar to the index-tuned Fabry-
Perot (SFPAn) modulator, in that the reflectivities would need to be high to minimize insertion
loss, and the cavity would be slightly asymmetric to compensate for residual loss in the
absorber. We refer to this absorption-tuned quasi-symmetric Fabry-Perot as SFPAQ.

To compare index- and absorption -tuned Fabry-Perot modulators, based on our previous

measurements, we make the reasonable assumption that the MQW material has a maximum
absorption change, Ao = 4000 cm! and a maximum real refractive index change, An = 0.3 %.
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Note that (4%/A)(An/Aat) = 0.4. This being less than 1 indicates that MQW material is more
efficient in electro-absorption mode than in electro-refraction mode. All devices are modeled to
have 3 dB insertion loss at their on-state, and zero-reflection at the off-state.

Figure III.10 plots the required cavity length to achieve the modulation between the on (50 %)
and off (0 %) states as a function of the top mirror reflectivity. The advantage of the AFP is
now obvious. SFPAa and SFPAn-type devices are found to be comparable in term of the

required cavity length. Data points shown in Figure III.10 illustrate the agreement of our
experiments with the simple model.
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Figure III.10

A comparison of the required cavity length for various Fabry-Perot modulators. Actual device designs are also
indicated from the cited references.

It should be noted that for the same Ry, smaller required cavity lengths represent wider optical
bandwidth BW,, because optical bandwidths are inversely proportional to the product of the
finesse and the effective cavity length, which is the sum of the actual cavity length and the

grating mirror penetration length. More detailed discussions on optical bandwidths are given in
Section II1.6.
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II1.6. Sensitivity Analysis

Resonator-type devices are known to be sensitive to operating conditions. Although the AFP
modulators mentioned above usually have low finesse (< 10), variations in wavelength,
voltage, temperature, and thickness uniformity will have some bearing on the stablility of the
device operation. We analyse these effects in this section.

In general, the AFP requires the right amount of absorption (a,p) induced at the right
wavelength (Agp), near which wavelength () the optical signal is operating. The absorption
at App is determined by the applied field (F) and the relative wavelength shift between Agp and
Aex(oy the zero-field exciton position. ign i hi xci m

&LEB 0 1NJuUCe the reg ,J‘J A0S0
ie. Oop = (21)"! In (Rp/R).

A variation in F and A, ) would cause the induced absorption, ., to be different from oop,”
making the off-level non-zero. The on-level would of course be changed due to these

variations, but it is less sensitive than the off-level, because the latter is the one that determines

the contrast ratio the most. Therefore, the sensitivity is determined by the variation of the off-

level to the variations in wavelength and absorption. Variations in F are due to variations in

applied voltages, while variations in A, could be due to thermal drift of the bandgap energy

and/or non-uniformity in the layers.

II1.6a. Operating Wavelength Variations - Optical Bandwidth

When reflection modulators are in their off-state, the reflection stays low only over a certain
wavelength range, as shown schematically in the inset of Figure IIl.11(a). Assuming the on-
state is 50 % reflective and the system requires 10 dB contrast, the optical bandwidth is the
wavelength range over which R ¢ (off-state reflectivity) stays below 5 %. Following the
procedure in Ref. [9], we have the following expression for the allowable wavelength variation
AL, with respect to App:

CR2
A 12 15 T) Rofr
Ahgp =2 EP costf1- =220 (6)
A dn 1 - Rofe
4rn(l-4& o (1 + Legr.T +LeftB)




where Ap is the Fabry-Perot mode wavelength, 1 is the active region thickness, L.g 1(g) is the
penetration depth in the top (bottom) grating, and R is the requirement on the reflection in
the off-state which is set at 5 % in our example. For convenience, we assume Lqgr+L g p= 1
pm, although the actual values depend on the design of the grating mirrors.
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Figure III.11

(a) Schematic drawing for defining opucal bandwidth. (b) Calculated optical bandwidth for SFPAn and AFP as a
function of top mirror reflectivity. Data points are also included from the indicated references.

Figure II.11(b) plots the 10 dB optical bandwidth BW,, given by 2-|A3\.0pl based on the active
region thickness requirement calculated in Figure II1.10 (Section II.5). The measured optical
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bandwidths of various devices are also indicated. Reasonable agreements have been obtained,
and therefore the optical bandwidth of Fabry-Perot type devices is mainly determined by the
structure itself, rather than the material's electro-optical effect, because the optical bandwidth is
somewhat smaller than the exciton linewidth. The one exception is the AFPM with R1=0.32.
Because the finesse is only = 2, this device has a material-.umited optical bandwidth.

III.6b Voltage Swing Variations

Variations in voltage, i.e. variations in field, would cause the absorption in the MQWs at the
FP mode to deviate from design values. The analysis shown in Figure ITI.12 models the effect
of variation of absorption on the off-level due to variations in field (F) and zero-field exciton
position (A.y)). Wavelength variation can also be interpreted as variation in the operating
wavelength or the position of the Fabry-Perot mode. So the variation in wavelength can be

discussed in terms of the difference of the operating wavelength (FP mode) and the zero-field
exciton position, AA= Agp-A.x ().
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Figure III.12

Sensitivity of the applied field and the zero-biased exciton position. See the text for discussion.
The inset of Figure 111.12 schematically shows the heavy-hole excitonic absorption as a

function of wavelength under applied electric field. For a given Fabry-Perot cavity loss value,
a, one can trace the contours of field and wavelength shift (F, AX) to give the same value c.
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Due to the Lorentzian shape of the excitonic line, there may be more than one branch of such
curves. In other words, under a given field there may be more than one wavelength shift (AA)
that gives a,, as illustrated in the inset.

Figure II1.12 shows the absorption contours corresponding to R,g=0 and 5 % for the 2 V AFP
modulator described in Section IT1.3. The dashed lines represent the contours for R,;=0%
(absorption=2271 cm-!). Due to the Lorentzian line shapes as mentioned, there are two
branches for Ry;=0 %. For R, =5 % there are two absorption values, 1324 (less loss) and
3770 (more loss) cm-!, shown in solid and dotted lines, respectively, as indicated. There are
four branches for R =5 %. There are two zones defined by the two different absorption
contours, within which zones R stays below 5 %. The two zones merge where the higher
loss contours stop, since the higher loss value is actually larger than the peak absorption of the
exciton. This condition is satisfied when the loss contour meets the exciton peak position trace
(also in solid line) as a function of field.

Our design is to locate the operating condition near the point where the two zones merge to give
the most tolerable operating variations. As one can see, the merged zone gets narrower as the
field or the wavelength shift increase. The experimental operating point is indicated by the dot
(Fops AAyp). It should be noted that the lower zone corresponding to the short wavelength side
of the heavy-hole exciton only represents partial information. The actual situation may be more
complicated due to the presence of the light-hole exciton and the onset of the continuum
transitions. To maintain low insertion loss, Agp-A.(g) should be kept above some value due to
the finite linewidth of the hh-exciton. For example, Agp-Ae (o) needs to be >10 nm for
maintaining less than 3 dB insertion loss, although at this point we have experimentally
observed = 4dB insertion loss.

When the applied field is F,p, the tolerance in the wavelength shift is = £ 2 nm, as represented
by a segment of vertical line in Figure III.12 passing through the operating point to maintain
R, < 5%. Note that this is the tolerance in Agp-Agx() nOt in the operating wavelength. The
actual tolerance in the operating wavelength is more determined by the FP mode linewidth
(£ Inm), as described in III.6a). Similarly, with the right wavelength shift, Alop, the
tolerance in field variations is = £10 kV/cm as indicated by a horizontal line segment. For a
0.5 um thick active region, the iolerable voltage variation is = 0.5 volts, which agrees with
experimentally determined values as in Figure IIL.8. This 20 % voltage tolerance represents the
sensitivity of the AFP of finesse 12 to applied voitage variations.
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IT1.6¢c. Non-uniformity and Thickness Variations

Variation in thickness and composition would cause variation in Fabry-Perot mode position
and zero-field exciton wavelength. Assuming only the layer thickness is varied, the Fabry-
Perot mode is much more sensitive than the exciton position for the particular MQW structure
that we use (100A wells). Therefore the discussion can be focused on the effect of the Fabry-
Perot mode variations.

First of all, variation in the position of the FP mode would cause misalignment between the FP
mode and the operating wavelength, similar to section ITI.6a. Thus, the tolerable FP mode
variation (AAgp) is again given by Figure III.11(b): i.e.|AAppl < 1nm, or IAApp/Agpl < 0.12%.
This is probably the most severe constraint on AFPMs. If the operating wavelength can track
the FP mode, then the variation in FP mode causes the variation in Agp-A.xq) as in Figure
III.12. In this case the tolerance is determined from Figure II1.12 to be IAAgp! < 2nm.

I11.6d. Temperature Variation

Variation in temperature causes a drift of the bandgap energy and a change of the refractive
index. The former changes the exciton position while the latter varies the FP wavelength.
Figure II1.13 shows the temperature-dependent zero bias reflection spectrum of the AFPM
described in Section III.3. The two reflection dips correspond to the heavy hole exciton and
FP mode, as indicated. As seen from Figure 1I1.13, the heavy hole exciton shifts three time
faster than the FP mode [19].

Figure II1.14 shows the temperature-dependent modulation of the AFPM as a function of
voltage. A, is chosen to be Agp (862 nm) at 20 °C. The transfer function is smaller (=13
%/V) than the peak value of 23 %/V, which is observed at another wavelength. One sees
immediately that as the temperature increases from 20 to 35 °C, the insertion loss initially
increases due to the increased residual loss caused by the approaching of the exciton. After
that, the insertion loss does not vary much because lop and App are no longer aligned. As the
temperature increases, the separation between A, and kop decreases, so one does not have to
apply as large a field to shift the exciton to kop, and the required voltage to achieve minimum
reflectivity decreases. Although the difference between high and low reflectivity decreases as
the temperature increases, the transfer function remains about the same 13 %/V from 15 to 30
°C, and degrades a little at 35 °C. However, the contrast degrades a great deal.
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Figure IIL.13
Temperature-dependent zero bias reflection spectrum of the asymmetric Fabry-Perot structure of Figure I11.5.
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Figure IIL.14

Temperature dependein modulation as a function of applied voltage of the asymmetric Fabry-Perot modulator as
in Figure I11.7. The operating wavelength is 862 nm,
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Similar to the discussions in Section III.6¢c, due to AAgp, the operating wavelength Aop is
misaligned with Agp and the tolerable AAgp is = £ 1 nm or £ 10 °C for AFPMs. In addition to
Algp, the exciton is also shifted, and Agp-Aeyxq) Shifts at a rate of 1.8 A/°C. If the operating
wavelength tracks the FP mode, from the requirement of A(Agp-Aey()) = £2nm, we know that
the temperature tolerance is also = £10 °C. If the operating wavelength is fixed, the tolerance
in temperature would be less than 10 °C for high contrast. On the other hand, large reflectivity
change can be obtained with much larger operating tolerances.

It is interesting to note that without the FP resonance, Aexoy determines the operating
wavelength. For a fixed operating wavelength, the tolerance to temperature variations is

A
smaller because aa; is larger than 8?\.?@ . On the other Land, if the operating wavelength

tracks the exciton, the tolerance to temperature variations is much larger.

IIL.7  Superlattice AFPM with a Normally-Off Characteristic

Although -’1 of the work on AFP modulators discussed in the previous sections has used the
quantum confined Stark effect (QCSE) in QWs, we have also demonstrated a device which
exploits the Field Induced Stark Localization effect in a superlattice (SL) [20], for which we
described initial experimental results in our previous report. By "superlattice” we mean a
structure where the wells and barriers are of a thickness such that the quantum-confined
energy states are no longer sharply defined, but broadened into minibands in the absence of an
electric field. In contrast to the absorption-edge red shift in QWs due to the QCSE, the SL
absorption edge shifts to the blue with increasing field due to the localization of extended states
in both conduction and valence minibands in the SL. Essentially the absorption edge sharpens
up with bias. This phenomenon, generally referred to as Wannier-Stark localization [21], has
been observed at room temperature [20] and potentially offers lower voltage operation than the
QCSE.

Our SL-AFP ([22] contains a SL (100 1/2 pairs of 30A GaAs / 30A Aly1Gay ;As) active layer
in between a highly reflective bottom mirror, which is a quarter-wave (A/4) stack (15 1/2
periods of alternating 618A AlAs and 535A Al 3Gag 7As layers), and a less reflective top
mirror, which is an air-semiconductor interface (R = 0.3). The off-level of the SL-AFP at
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zero-bias is achieved by aligning the Fabry-Perot (FP) resonance at the appropriate wavelength
relative to the low (or zero) field absorption edge with enough absorption so that the effective
reflection from the bottom mirror viewed through the absorptive cavity cancels the reflection
from the top. The on-level is attained by reducing the cavity loss using a field-induced blue
shift of the SL absorption edge upon application of sufficient field.

Fig. III.15 shows the narrowband spectra of the SL-AFP device under different reverse
biases. The reflectivity at the zero-bias Fabry-Perot mode increases with increasing bias and
reaches a value of 25% at -8V.
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Figure IIL.15
Narrowband reflection spectra of the SL-AFP device under different reverse biases.

Fig. I11.16 shows the photocurrent measurements of the SL-AFP as a function of wavelength
at various reverse biases. The photocurrent (Iph) spectra are voltage dependent as are the
reflectivity counterparts. In this device, the fraction of light that is absorbed inside the cavity's
active material is approximately equal to one minus its resultant reflectivity since the
transmission through the SL-AFP is only a few percent. Ai the 7ero-bias resonant wavelength
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(= 7620A), the net reflectivity Rpp of the SL-AFP is essentially zero when there is sufficient
but not excessive loss inside the cavity. Therefore the incident light is totally absorbed and the
[ph is at its maximum at resonance. As the applied electric field is increased beyond the built-in
value, Rpp is turned on by reducing the cavity loss at resonance through the blue-shifted
electroabsorption effect of Wannier-Stark localization in the superlattice. The Iph around the
resonance wavelength decreases with increasing field as a result. There is a progressive
emergence of a peak at =~ 7460A with increasing field which is due to the recovery of the QW
exciton as a result of Wannier-Stark localization. Fig. ITI.16 shows that negative differential
resistance is observable over a wide range of wavelengths (= 7500A to 7650A). The existence

of this negative differential resistance is a necessary condition for successful demonstration of a
Self Electro-optic Effect Device (SEED) [23].

FP mode -

PHOTOCURRENT (A.U.)

1 1 1 1 L i S 1
7000 7200 7400 7600 7800 8000
WAVELENGTH (A)

Figure IIL.16

Photocurrent spectra of the SL-AFP at different reverse biases. The structure exhibits negative differential
resistance over a wide range of wavclengths (~7500A to 7650A). The inset shows the experimental schematic
for the photocurrent measurement where conventional lock-in technique was used.
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II1.8 Superlattice AFP Self-Electro-Optic-Effect Device (SEED)

There has been considerable interest in optical switching devices using both semiconductor
quantum wells (QWs) and superlattices (SLs). SEEDs are one class of such devices, and are
promising elements for future optical information processing systems. The term "SEED"
generally applies to any combination of modulator and photodet=ctor which allows the optical
output of the device to be set by an optical input.. iF& guagtum well SEED (QW-SEED), a
MQW modulator is usually connected in se;iestftmrmJa;-bias voltage supply and a load
element such as a simple resistor. By increasing the incident light intensity at an operating
wavelength which coincides with the zero-field QW exciton peak, switching and optical
bistability due to positive feedback can be obtained [23]. Also, a more sophisticated load such
as a photodiode (or another similar modulator) can be connected in series to form a diode
SEED (D-SEED) [24], or a symmetric SEED (S-SEED) [25] to achieve better bistability loop
characteristics.

We have exploited the potential of the SL-AFP as a very high-contrast normally-off modulator>
by connecting the SL-AFP in series with a photodiode and a reverse-biased voltage supply to

form a high performance superlattice Fabry-Perot self-electro-optic effect device (SL-FP-
SEED) [26].

The SL-FP-SEED configuration is shown in Fig. [1I.17(a) where the SL-AFP is connected in
series with a Si photodiode and a reverse bias voltage supply ( = 7.5 volts). When both the
control beam (power P;,1) and signal beam (power Pjy2) are incident upon the Si photodiode
and the SL-AFP respectively, they give rise to photocurrents in the circuit. The current
through the Si photodetector must be equal to that through the SL-AFP at steady state, and the
voltage across it adjusts itself to ensure this condition is satisfied. The reflected optical output
(power Pgyr2) from the SL-AFP is modulated as the voltage across it changes. The operation
of this device can be readily understood by considering the photodetector as load for the SL-
AFP, as shown in Fig. OL.17(b). Here the Si photodetector input irwensity is varied and that to
the SL-AFP modulator is fixed. The device is bistable whenever there are three intersection
points [23], and this will be the case if the SL-AFP is operated at a wavelength where
absorption decreases with increasing voltage. Like the S-SEED [25] this device will only be
bistable when the optical input power levels are comparable (line B), and only one single state
will exist if the incident power onto the SL-AFP is much higher than that onto the Si
photodiode and vice versa (lines A and C respectively).
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Figure IIL.17

(a) Schematic set-up of the SL-AFP-SEED. P, and P, are the incident light power of the Si photodiode and

the SL-AFP, respectively. P, is the reflected output power from the SL-AFP that can be switched by varying
P

nl-

(b) Load lines of both the SL-AFP and the Si photodiode. Solid curve is the photocurrent vs voltage for the
SL-AFP at one particular input intensity P,,,. Dashed lines are the photocurrent vs voltage for the Si
photodiode at three different input intensities P, ;. Line B shows that the device is bistable because there are

three intersection points between the SL-AFP and the Si photodiode load lines.
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Fig. I1.18 shows the reflected power from the SL-AFP as a function of applied voltage at a
wavelength ~ 7620A. The reflected power reached the zero line when the incident light onto
the SL-AFP was blocked. A high contrast ratio of >100:1 has been obtained at this
wavelength.
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Figure III.18

Reflected power of the SL-AFP as a function of voltage at the wavelength 7623A. The reflected power reached
the zero line when the optical input beam onto the SL-AFP was blocked.

With the SL-AFP in the SL-FP-SEED configuration (Fig. 1I.17(a)), we tested for optical
bistability by shining light onto the Si photodiode using a commercial GaAs laser diode and
illuminating the SL-AFP with the Ti:sapphire laser. The output power of the Ti:sapphire laser
was set to be constant for each measurement. The GaAs laser power was ramped up and down
to cause the SL-AFP 's output to \witch state.

Fig. I1I.19 shows the reflected optical power (Pgoyur2) from the SL-AFP as a function of incident

nnnnn
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bistability in the SL-AFP 's reflected power with respect to the photodiode's input power could
clearly be seen. As shown in Fig. ITI.19, an on/off ratio of about 130:1 in the reflected power
output was also attained. The output of the device also scaled linearly with the P, ;. Likewise,
the device's bistability loop width also varied proportionally with Pjy5, as expected [23].
Optical bistabilty could be observed in a wide spectral range and an on/off ratio of more than
10:1 was obtained over an optical bandwidth of = 30A.
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Figure III.19
Output power (P,,,,) reflected from the SL-FP-SEED vs control power (P,,,) for different signal powers (P;;,).
An on/off ratio in P, of =130:1 was attained.

The potential advantage of incorporating SL-AFP into SEEDs can be further extended by
connecting two such modulators in series with a reverse-bias voltage supply to form a high
performance S-SEED. The external bias voltage of such an S-SEED can also be reduced or
eliminated by employing SL-AFPs with lower operating voltage, obtained by properly
reducing the active region thickness and increasing the top mirror reflectivity.
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IV. High-Frequency Operation of Fabry-Perot Modulators

The modulation measurements we have discussed in this report (and in previous ones) have all
been taken at relatively low frequencies, our intent being of course to demonstrate and compare
the capabilities of various device structures while keeping post-growth device processing to a
minimum. Modulation speed is, nevertheless, extremely important for most of the information
processing and optical interconnection applications whose promise sparked our interest in
Fabry-Perot modulators in the first place. Since our last report, we have demonstrated 6.5
GHz small-signal modulation in a symmetric FP structure, and we are currently working
towards the fabrication of devices which should run at 30 to 50 GHz.

IV.1. Device Structure and Fabrication

Our original Fabry-Perot modulator fabrication process consisted simply of evaporating p-
contacts onto the MBE-grown material and then cleaving the wafer into reasonably small pieces
for testing. Growing the FP étalons on N+ GaAs substrates enabled us to contact the n-doped
mirror through the substrate, but the resulting devices were relatively large and slow.

In order to achieve higher-frequency modulation, we incorporated a highly-doped n-contact
layer into the FP cavity to eliminate the series resistance through the substrate and back mirror,
developed a two-level mesa fabrication process to delineate smaller, lower capacitance devices,
and integrated these smaller devices with S02 coplanar microwave probe pads. To further
reduce the series resistance, we graded the heterojunctions in the p-mirror. Figure IV-1 shows
both cross-sectional and top views of a high-speed symmetric FP modulator identical to the one
discussed in section II, except for the modifications just mentioned.

The high-speed fabrication process we chose to implement first (because of its relative
simplicity) consists entirely of "wet" processes and is limited to devices no smaller than about
40um on a side. The devices we fabricated have dimensions 40um x 40pum, 60pum x 60um,
and 100pm x 100pm.
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Figure IV-1

Cross-sectional and top views of a high-speed symmetric Fabry-Perot modulator.




IV.2. Electrical Characterization

Before optically testing our high-frequency modulators, we characterized them electrically both
at DC and at microwave frequencies (using a network analyzer). First, we measured the sheet
resistance of the n-contact and p-mirror layers as well as their respective contact resistances
using TLM patterns on our mask. We also measured the capacitance of the three sizes of
diodes. With these values we estimated the capacitance and series resistance of the devices.
Then, using short and open calibration standards also included in our mask, we determined the

equivalent circuit of the coplanar probe pads as shown in Figure IV-2, and measured the S;; of
each device with the network analyzer.

microwave probe pads modulator diode

Figure IV-2
Equivalent circuit for a high-frequency modulator.

The resistance and capacitance values we extracted from these measurements agreed quite well
with the values we calculated from our DC measurements. The table below details the
measured resistance and capacitance of the modulators, the values of ft = 1/RC corresponding
to the measured values of R and C, and, for easy comparison, the 3dB frequencies we
determined from our small-signal optical measurements (discussed in section IV-3).

electrical 3dB
slectrical measurements frequency (GHz)
nominal at freq.
diode size R(Q) C (pF) (GHz) predicted measured
40um x 40um 36 0.28 5.0 66 6.5
60um x 60um 20 0.62 4.0 33 33
100um x 100um 14 1.71 1.2 1.5 1.0

-41-




IV.3. Small-Signal Modulation Results

With our estimated 3dB frequencies in hand, we set out to measure the small-signal modulation
of our devices, using the apparatus pictured in Figure IV-3 (an extension of the dye laser set-up
described in our last report). The measured modulation efficiency as a function of frequency
for the three sizes of diodes is shown in Figure IV-4. The calculated performance given is
simply the RC-limited response of the diodes. The fact that the theoretical and experimental
curves agree so well implies that the speed of the devices is in fact limited by their resistance
and capacitance, and not by material considerations such as carrier trapping in the quantum
wells. We attribute the ripple which appears at about 2 GHz to uncalibrated reflections from
the interface between the coaxial cables and the coplanar waveguide microwave probe.

infrared
Ti-sapphire camera
laser input
* video monitor
high-frequency
InGaAs detector
microscope
objective DC bias

to modulator

device
detector bias under tg
high-frequency
probe
°° @ o=
) @ a2
ssan
4 HP 8340
HP 85668 radio frequency source

spectrum analyzer

Figure IV-3
Optical Small-Signal Measurement Apparatus
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(a) Measured and calculated optical response of a 42 x42 pm diode.
The electrical power in the detector is indicated on the lefthand scale.
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Figure IV-4
(b) Measured and calculated optical response of a 62 x62 pm diode.
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(c) Measured and calculated optical response of a 102 x102 um diode.

The performance of the modulator is sensitive to both bias and operating wavelength, The
relative modulation efficiency (Figure IV-5) is fairly constant versus bias over a several-volt

range, but is quite sensitive to the wavelength, as one would expect for a symmetric FP
modulator.
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Figure IV-§
(a) Relative modulation efficiency at 100 MHz as a function of electrical bias for a 62 x 62 um diode.




0 V=13V P T °
‘;’ 5 s " b /‘ .-¥h1 -5
& .10 | pa \'T "" 4 { -10
w - » ]
2 -15 _"" ) . 4 -1s
8 -20 l|+ 4 -20
:‘; -25 I \ 25
° | ] ‘
-30 . -30
899 901 903

Wavelength (nm)

Figure IV-§

(b) Relative modulation efficiency at 100 MHz as a function of operating wavelength for a 62 x 62um diode.
We used a 4 dBm electrical signal for this measurement.
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Engineering and a B.A. with highest honors in the Liberal Arts from the University of Texas at
Austin in 1988. She began working with Prof. Coldren in the spring of 1989, and completed
her M.S. at UCSB in December of that year. She is currently concentrating on the design and
fabrication of extremely high-speed Fabry-Perot modulators.

Dr. M. Whitehead: Visiting Research Engineer

Mark Whitehead received the B.Sc. degree from Imperial College, University of London,
England, in 1984. From 1984 to 1985 he worked as an Associate Research Assistant at
University College London, England on a project to investigate GaAs-AlGaAs multiple
quantum well optical modulators. During the period 1985-1988 he was enrolled in the Ph.D.
program at University College, working on the same project. He took up a position as a Post-
doctoral Research Assistant in 1988 at the same establishment, and it was during this period
that he proposed and demonstrated the first multiple quantum well asymmetric Fabry-Perot
modulator. In 1990 he received the Ph.D. degree from University College. He moved to the
University of California Santa Barbara, in May of 1990, in order to take up a posit;ion as a
Visiting Research Engineer, working on the optimization of surface normal resonant cavity
modulators.




